Abstract. This paper presents a proposed method to search Maximum Power Point (MPP) based on the Adaptive Fuzzy Logic Control (AFLC), which is applied to photovoltaic (PV) systems under varying temperatures and radiations. The proposed system is composed of boost converter, two fuzzy controllers and load. Whenever environmental conditions change in wide range, using only Conventional Fuzzy Logic Controller (CFLC) is not adequate and causes more errors in tracking. The proposed AFLC comprises two stages: Online and O ine tuning. The o ine method, by accurately setting CFLC controller parameters, is applied for relatively stable atmospheric conditions. Meanwhile, the online method is considered for unstable atmospheric conditions and contains two fuzzy controllers -one primary, one secondary. The primary fuzzy controller is the CFLC, and the secondary controller is the decision-making, which due to atmospheric conditions, alters the primary fuzzy controller parameters in order to achieve a better answer compared to utilizing CFLC. Decision-making controller with changing in irradiation and temperature changes gain of inputs of CFLC, simultaneously, that it increases rate and accuracy of tracking in comparison with using only fuzzy controller. By simulating results using CFLC and AFLC controllers, the proposed method is able to improve performance indicators with respect to CFLC.
Introduction
Utilizing solar cells provides many advantages including no fuel cost, no pollution, and no need for maintenance equipment. Although having initial high costs as compared to other energy generating equipment and, therefore, not so good public prosperity wording them, however, with the development of solar cell technology, their prices have dropped signi cantly [1] . Solar cells constitute PN junctions, which are composed of electrons and holes. Movement of these electrons and holes inside the load connected to the cell creates an electric current and, nally, an electric power on the photovoltaic (PV) output terminals. A photovoltaic array is formed by the series and parallel connections of solar cells; in these states, higher electrical power can be obtained. The electrical power obtained from the photovoltaic array is not constant and changes due to temperature change, radiation, and changes in the amount of load. Hence, considering changes in the e ective parameters of the obtained power from the photovoltaic generator, any change in the previously mentioned factors exhibits a new maximum point on the power-voltage curve. In order to obtain this maximum point, many innovative methods have been introduced. All these methods take advantage of the fact that the power-voltage curve slope has a value of zero in the maximum point. In a generalized classi cation, these methods can be divided into ve main categories:
A. Control algorithm: In this method, the point of maximum power is obtained by measuring voltage and photovoltaic power using a simple algorithm. The P&O and IC methods are two of the most popular and recognized methods in this regard [2, 3] ; B. Control variable: Tracking is carried out by measuring the point of maximum power inside each control loop. In this method, voltage (current or power) is considered to be control variable. By setting and adapting voltage with one desirable voltage (current or power), by which maximum power has occurred, the working point of the array is maintained near MPP [4] [5] [6] [7] ; C. Math-based methods: Utilizing photovoltaic current and voltage relations, and keeping in mind that derivative of power against voltage (current) must equal zero, a non-linear equation is obtained, by which results can be obtained using numerical methods. The result of this equation gives the voltage (current) at the point of maximum power [8, 9] ; D. Intelligent control: In this method, decisions are made by the controller based on zero-error (derivative of power relative to voltage (current)). Among cases carried out using this method are fuzzy [10] [11] [12] , adaptive fuzzy [13] , neural networks [14] ; E. Hybrid method: By combining one or more of the methods listed above, the performance of the controller can improve [15] .
In the future, for decreasing complexity of the system, the methods can be used as they lead to less complexity in system, i.e. TSK fuzzy [16] . Also, the system can be applied with fuzzy logic based on classical methods in order to ensure stability of the system [17] .
Fuzzy method is one of the best methods because of its suitable answer to the uncertainty present in the system, and its desirable speed and precision. This method gives suitable and desirable answers even with limited changes in system parameters. However, if the changes in system parameters are extended (e.g., extensive changes in radiation or ambient temperature or load in a short period), tracking the point of maximum power will experience severe errors. DC or AC loads are considered constant in stand-alone photovoltaic systems. Meanwhile, if the load constantly changes in time (like temperature and radiation), we will practically have three time-varying parameters, which make designing the controller even more di cult. Therefore, in this article in order to prevent further intricacy in the system, we assume that the load connected to the DC system is constant. In adaptive fuzzy methods, fuzzy controller parameters are set in o ine mode in order to adapt with these conditions [13] . Whereas if radiation and temperature are extended in a non-predictive manner (unstable atmospheric conditions), we will require resetting the fuzzy controller parameter, which in some cases is impossible. The proposed method includes two stages: O ine and Online. In the o ine method, if changes are limited and predictive, precise setting of fuzzy controller parameters is possible. However, in unpredicted cases with varied ranges of temperature and radiation, fuzzy controller parameters must be set using the online mode.
Online setting of fuzzy controller parameters is a timely and complex process. In this state, the time assigned for setting controller parameters must be less than the time of temperature and radiation intensity change. Otherwise, tracking will not be proper and the response obtained in this state may even be worse than the fuzzy method. In order to prevent this situation, we have conducted the CFLC parameter setting in a di erent manner. In this state, we have added a second fuzzy controller, namely \decision-making", to the system. The decision-making controller is a fuzzy controller, which constitutes temperature and radiation intensity as inputs. The output of this controller changes the primary fuzzy controller parameters proportional with these instantaneous changes in order to obtain better responses compared to the fuzzy method. Simulations have been carried out using MATLAB/Simulink software. By comparing the proposed method with the fuzzy method, in simultaneous temperature and radiation change conditions, simulation results show that the proposed method follows the maximum point of power with better speed and precision.
PV generator and boost converter
As mentioned earlier, the relationship between output voltage and power of the PV at varying light intensities and temperatures is non-linear as depicted in Figure 1 .
At the same irradiation and temperature, there is a unique point located at the knee of the power (P )-voltage (V ) curve that is called Maximum Power Point (MPP). The design of a solar energy system is generally concerned with obtaining maximum e ciency at minimum cost. In a solar cell operating under the normal conditions, even a small derivation of 1% from the optimum power transfer condition can cause a loss of output power by nearly 10% [18] . For increasing e ciency of PV, we need to track MPP.
A proposed Maximum Power Point Tracking (MPPT) scheme obtained by varying the duty ratio for DC/DC boost converter has been successful [19, 20] . The Boost converters are extremely used in Photovoltaics in order to keep voltage at a value that has maximum power [21] . PWM comparator is applied to compare the command signal from controller with a saw tooth signal for making PWM control signal at the gate of MOSFET. In the MPP point, the output photovoltaic resistance is R MPP , which has a small value, and a boost converter is used in order to reach maximum system performance. The boost converter can change input resistances larger than to equal to R MPP and considering the fact that photovoltaic resistance is stronger than R MPP resistance in high radiations (near 1000 W/m 2 ), and noticing that during daytimetracking, photovoltaic resistance is usually higher than R MPP resistance, the boost converter is employed more often for tracking purposes in photovoltaics [22] .
Conventional fuzzy logic controller
Conventional Fuzzy Logic Controller (CFLC) is made of three units: fuzzi cation, knowledge and inference unit, and defuzzi cation as shown in Figure 3 [23, 24] .
In the knowledge and inference unit there are several rules that connect the fuzzy output to the fuzzy inputs by understanding the system behavior. The process of defuzzi cation is the last step for designing the fuzzy control algorithm, which calculates the crisp output of the fuzzy control. Implementation of the type 1 fuzzy controller has two input variables; the error e(t) and the error derivative de(t), In MPP:
then:
The input e(t) indicates the error, which the load operation point makes at the moment`t' that if e(t) < 0, the operation point is located on the rightand if e(t)> 0, it is located on the left of the MPP characteristic; furthermore, de(t) shows the moving direction of this point.
Characteristics of controllers
To adapt a behavior means to alter it and to reach a new state; thus, an adaptive controller is a controller that its behavior in response to modifying in the dynamics of the process can change [25] . The non-linear nature of solar cell system requires a kind of controller which not only works appropriately at the constant temperature conditions and irradiation, based on which the controller is designed, but also has an acceptable function at the variable temperature conditions, as well as the irradiation close to design conditions. However, if the condition variations are wide, the controller parameters proportionate to such variations should be updated. Adaptive fuzzy logic controller consists of two controllers, CFLC and decision-making. Figure 4 shows the system under control with the proposed AFLC.
CFLC
Membership function of inputs and output is shown in Figure 5 . CFLC consists of 25 rules which are 
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observed in Table 1 . CFLC has a good performance in environmentally xed condition and even somewhat in variable conditions [10] . But, if this change leads to sudden change in output power, then the controller cannot trace MPP in some operation points. For increasing e ciency of MPPT, another fuzzy controller is added to PV system to improve system performance, which is called decision-making.
Decision-making
Decision-making consists of a fuzzy controller with two temperature and irradiation inputs and output gain. The gain changes proportional with the inputs of CFLC, which it will compensate drop of errors of CFLC according to Figure 6 . According to the standard conditions in Table 2 and after selection of an appropriate criterion for tracking, to obtain the desired response at any temperature conditions and irradiation, the gain rate of the control signal of fuzzy controller should be regulated. However, if the criterion function condition is not satis ed, the interval membership functions should be regulated on it. Figure 7 shows the owchart of the regulation of gain rates and membership functions to regulate the control signal of the controller.
According to the desired response, which is obtained in standard conditions, the appropriate tracking criterion is de ned as follows: 
where:
where, M m is the di erence between the maximum power and the average values of power and the maximum power to the end of the simulation time with a xed sampling frequency, N is the number of samplings of maximum power to the end of simulation time, V is up to 8% of the maximum power; b) Tracking error rate: less than 1; c) Acceptable response rate: the time at maximum power point (t p ) less than 0.02 second. Based upon measurements performed on the optimal values for Eq. (3), Fit < 0:04; thus, in the performed simulations, the algorithm's stop condition for the best answer is considered less than 0.04. In cases where this condition is not met, the best answer is considered to be in a Cycle of Repetition.
O -line regulation
The rst discussion presented here is about the changes that the power-voltage characteristic curve undergoes due to the changes in the environmental conditions, compared with the standard mode. With regard to Figure 6 , which shows the changes in the powervoltage curve based on the irradiation changes, it can be observed that the value of fuzzy controller error input will decrease, compared with the standard conditions (1000 W/m 2 ), by reducing the amount of irradiation, and this loss can be compensated by considering the appropriate gain for the values of fuzzy controller input errors. Figure 8 represents the changes in the power-voltage characteristic curve according to the temperature changes compared with the standard mode of 25 C.
It can be observed that at the rst area, the voltage increases at MPP by decreasing temperature and decreases at MPP by temperature increase. Moreover, by reducing the irradiation from 100 W/m 2 , the temperature will decrease by 3 C.
Regulation of gain
In this case, according to the owchart of Figure 7 and noting the required codes, for some irradiation modes and for each mode with a few temperature changes, we calculate the range of gain changes for di erent irradiations and temperatures.
Regulation of membership functions
If the conditions of Eq. (3) are not met, we regulate the interval membership functions for improving the system conditions. The owchart of Figure 7 includes both the regulation of gain and modi cation of the membership functions in a simulation, while these two regulations are separated in Tables 3 and 4 and the regulation of gain has been performed rst. Tables 3  and 4 illustrate the values of Eq. (3) for two irradiation levels of 600 and 900 W/m 2 .
Considering the criterion function, if the responses obtained for the values smaller than 0.04 are acceptable, then, according to the data in Tables 3 and  4 , it is distinguished that this condition does not apply to some temperatures. In this case, the change frame of membership functions can be regulated provided that the criterion function is satis ed, and a better answer can be achieved. For example, in Table 3 and at the temperature of 37 C, the maximum value of the criterion function to have an optimal response is not estimated. Therefore, we will enlarge the value of the criterion function to 0.0277 by modifying the membership functions. Figure 9 shows the output power obtained from photovoltaicat no-control mode, fuzzy control with regulation of gain, and nally with fuzzy control, regulation of gain, and modi cation of membership functions.
In Figure 9 , it can be observed that when the regulation of gain is carried out, the power output uctuations are undesirably increased despite having a more favorable response rate and a better average tracked power. In this case, the power uctuations variance is 0.8308 and the power uctuations are 11% of its maximum power. By modifying the membership functions, the volume of uctuations will decrease acceptably. In this case, the output power variance will be 0.1624 and the power uctuations get to about 5% of its maximum power. However, it will lead to the reduction of the system response rate and the power output mean. Then, the steps of regulation of gain and modi cation of membership functions for di erent levels of irradiation and ambient temperature in o ine mode can be summarized as follows: 1. First, we specify our criterion function according to the standard condition. This condition determines the value of the tracked error of output power, the volume of acceptable uctuations around the maximum point, as well as the tracking rate; 2. By changing the input gain in the way of the error value and the derivative of input error, the amount of optimal gain will be calculated to satisfy the above criterion for the desired levels of irradiation and temperature. To put it in simple words, for the intended irradiation and temperature, we have obtained a gain that will satisfy the criterion function conditions; 3. At the next stage, for each constant environmental condition, if various gain values do not lead to the satisfaction of the criterion function condition, we select the gain which will be followed by the best answer to the criterion function and modify the membership functions in these conditions in order to authenticate the criterion function conditions. If, despite the modi cation of membership functions, we could not satisfy the criterion function condition, we consider the best answer which is closer to the conditions of Eq. (3).
Real-time regulation
By changing the values of irradiation and temperature in a short period of time, maximum power tracking via fuzzy controller in the photovoltaic array will encounter problems and, consequently, the tracking e ciency will be decreased. In this section, using the data in Sections 4 and 5, we want the multiplied gain by the fuzzy controller to be changed proportionate to any variations in the atmospheric conditions, in order to achieve the optimal response. For this purpose, in a few irradiations from 200 to 1000 W/m 2 , the appropriate gain will be determined for di erent temperature changes in each irradiation according to the algorithm in Figure 7 . Consequently, a set of gains will be obtained for a particular irradiation and temperature.
To calculate the gain value for every atmospheric condition, another fuzzy controller, called decisionmaking fuzzy controller, is required to be used in order to estimate the gain in accordance with the data in Sections 4 and 5. In this case, the fuzzy controller inputs will be the temperature and irradiation and its output will be the gain proportionate to the two inputs.
Here, rst, we de ne the membership functions for this controller. Tables 3  and 4 , we consider some tables for the irradiation levels of 200, 250, 300,...,1000 and design the controller rules according to the values obtained from these tables. Table 5 shows the set of rules of the decision-making fuzzy controller. To evaluate our function, we need to perform our simulations for di erent atmospheric conditions and the variable which is associated with changes in temperature and irradiation, and compare it with the conventional fuzzy controller. It is worth mentioning that the answers obtained from these simulations do not necessarily satisfy the conditions in Eq. (3), because the membership functions will not be performed online. But in this state, regardless of uctuations around the MPP, increase in the tracking speed and tracking error is reduced. The real-time regulations of the membership functions will undesirably reduce tracking rate of the fuzzy controller. The defuzzier used in Maxima decision-making controller is of Maximum-Maximum type and it is used due to its simplicity and its low calculation volume compared with the Center Of Gravity (COG) defuzzi er. If the irradiation and temperature changes are the same as those in Figure 11 , the tracked power for two modes, one with fuzzy control and the other with adaptive fuzzy control, will be the same as that presented in Figure 12 .
According to the performed simulations, it can be concluded that in the conditions where climate changes have undesirable e ects on the MPP tracking in fuzzy control, such as reduction of the tracked power, the adaptive fuzzy control has managed to resolve the defects by regulating the gain e ciency, as a result of which the maximum output power will be tracked more e ciently. However, this method has some de ciencies, including using two more sensors for measuring temperature and irradiation as well as complexity of controller.
Conclusion
When the temperature and radiation intensity can be changed independently, MPPT can be di cult with fuzzy controllers. As it is already mentioned in Section 4, the fuzzy controller is designed for standard conditions and actually has an acceptable function in the conditions close to standard. But when there are many changes compared with the standard conditions (for example, if the irradiation reaches from 300 W/m 2 to 1000 W/m 2 , instantaneously), there will be lots of errors in tracking. For decreasing this error is added another fuzzy controller (decision-making controller) which tunes gain of inputs of fuzzy controller. The simulation results, in this case, indicate that the maximum output power of solar cells is tracked with less error. However, the proposed method also has some de ciencies, including using two more sensors for measuring temperature and irradiation as well as using another fuzzy controller for a better tracking, which lead to a more complex system.
